Durand MJ, Phillips SA, Widlansky ME, Otterson MF, Gutterman DD. The vascular renin-angiotensin system contributes to blunted vasodilation induced by transient high pressure in human adipose microvessels. Am J Physiol Heart Circ Physiol 307: H25-H32, 2014; First published April 28, 2014; doi:10.1152/ajpheart.00055.2014.-Increased intraluminal pressure can reduce endothelial function in resistance arterioles; however, the mechanism of this impairment is unknown. The purpose of this study was to determine the effect of local renin-angiotensin system inhibition on the pressure-induced blunting of endothelium-dependent vasodilation in human adipose arterioles. Arterioles (100 -200 m) were dissected from fresh adipose surgical specimens, cannulated onto glass micropipettes, pressurized to an intraluminal pressure of 60 mmHg, and constricted with endothelin-1. Vasodilation to ACh was assessed at 60 mmHg and again after a 30-min exposure to an intraluminal pressure of 150 mmHg. The vasodilator response to ACh was significantly reduced in vessels exposed to 150 mmHg. Exposure of the vessels to the superoxide scavenger polyethylene glycol-SOD (100 U/ml), the ANG II type 1 receptor antagonist losartan (10 Ϫ6 mol/l), or the angiotensin-converting enzyme inhibitor captopril (10 Ϫ5 mol/l) prevented the pressureinduced reduction in ACh-dependent vasodilation observed in untreated vessels. High intraluminal pressure had no effect on papaverine-induced vasodilation or ANG II sensitivity. Increased intraluminal pressure increased dihydroethidium fluorescence in cannulated vessels, which could be prevented by polyethylene glycol-SOD or losartan treatment and endothelial denudation. These data indicate that high intraluminal pressure can increase vascular superoxide and reduce nitric oxide-mediated vasodilation via activation of the vascular renin-angiotensin system. This study provides evidence showing that the local renin-angiotensin system in the human microvasculature may be pressure sensitive and contribute to endothelial dysfunction after acute bouts of hypertension. renin-angiotensin system; human microvasculature; endothelial dysfunction; hypertension HYPERTENSION IS THE RISK FACTOR most widely associated with cardiovascular events and death. In both animal models and human studies, vascular dysfunction is integral to both the onset and progression of hypertension and cardiovascular disease. Furthermore, clinical studies have shown that the assessment of vascular function in otherwise healthy individuals is an independent predictor of future cardiovascular events (44). While the effect of sustained hypertension on vascular function has been extensively studied, the effects of transient elevations in blood pressure on vascular reactivity are less well understood.
HYPERTENSION IS THE RISK FACTOR most widely associated with cardiovascular events and death. In both animal models and human studies, vascular dysfunction is integral to both the onset and progression of hypertension and cardiovascular disease. Furthermore, clinical studies have shown that the assessment of vascular function in otherwise healthy individuals is an independent predictor of future cardiovascular events (44) . While the effect of sustained hypertension on vascular function has been extensively studied, the effects of transient elevations in blood pressure on vascular reactivity are less well understood.
In healthy individuals, blood pressure fluctuations occur moment to moment and are influenced by numerous factors, including physical activity, emotional or physical stress, sleep deprivation, and diet. Furthermore, studies have suggested that the degree to which an individual's blood pressure fluctuates in response to these stressors may also be predictive of that individual's susceptibility to develop sustained hypertension later in life (3, 39, 41) . As several studies have shown, acute, modest elevations in vascular pressure can cause a functional blunting of the endothelial response that can last for hours; however, the mechanisms responsible for this dysfunction remain to be elucidated and likely differ from the remodeling responsible for vascular changes with chronic hypertension (14, 16, 18, 21, 30, 43) .
Decades of research have shown that both the systemic and vascular-specific renin-angiotensin system (RAS) are critically involved in the pathogenesis of hypertension in humans; thus, pharmacological inhibition of the RAS has become a frontline treatment for clinical hypertension. Since the vascular RAS is activated by stretch and barostress (6, 17) , we hypothesized that pressure-induced reductions in endothelium-dependent dilation are mediated by local ANG II in the human microvasculature.
MATERIALS AND METHODS
Tissue acquisition. All tissue acquisition procedures were approved by the Institutional Review Board of the Medical College of Wisconsin. Freshly discarded visceral and subcutaneous adipose tissue was obtained from patients at the time of surgery. All surgical samples were deidentified; however, a brief medical history, including age, sex, height, weight, race, and cardiovascular diagnoses, was completed by surgical staff at the time of tissue acquisition. Dilation to ACh was similar between men and women, and insufficient numbers of minorities were available for comparison; therefore, we did not stratify responses by sex or race. All specimens were immediately placed in cold HEPES buffer with a pH of 7.4, transferred to the laboratory, and stored at 4°C for a maximum of 24 h until use. Resistance arterioles (100 -200 m in diameter) ϳ2 mm or more in length were chosen for study and carefully dissected from the adipose tissue, cleaned of connective tissue and fat, and prepared for videomicroscopy as previously described (34) . To ensure viability, vessels located on the surface of the tissue (which are more prone to damage during the surgical procedure) were generally avoided.
General isolated vessel protocol. Adipose arterioles were cleaned of connective tissue and cannulated with glass micropipettes in an organ chamber filled with cold Krebs solution containing (in mmol/l) 123 NaCl, 4.4 KCl, 2.5 CaCl 2, 1.2 MgSO4, 20 NaHCO3, 1.2 KH2PO4, and 11 glucose. After vessels had been cannulated onto the pipettes, the organ chamber was transferred to an inverted microscope equipped with a ϫ20 objective, video camera, digital micrometer, and video monitor. Vessels were then pressurized to 20 mmHg for 30 min and heated to 37°C while being continuously bubbled with a gas mixture of 21% O 2-5% CO2-74% N2 to maintain pH constant at 7.4. After 30 min, the intraluminal pressure of the microvessels was increased to 60 mmHg for 30 min. Human adipose microvessels typically do not develop intrinsic tone, and vasoconstrictors such as norepinephrine, phenylephrine, or the thromboxane analog U-4669 do not yield stable constriction in isolated human adipose vessels; therefore, endothelin-1 was used to constrict the vessels to achieve 25-50% constriction as previously described (25, 34, 36 -37) . Because of the heterogeneous nature of the surgical tissue samples, vessels were constricted with cumulative 1-l volumes of endothelin-1 (10 Ϫ6 mol/l) until target constriction was achieved. The amount of endothelin-1 used to constrict the vessels did not differ between the experimental groups (data not shown). Vessels that did not constrict Ն25% were excluded from the study.
Experimental protocols. After constriction with endothelin-1, the vasodilator response to the endothelium-dependent vasodilator ACh (10 Ϫ9 -10 Ϫ4 mol/l) was assessed. Next, the intraluminal pressure of the microvessels was increased to 150 mmHg for 30 min. Upon recovery (30 min at a pressure of 60 mmHg), vasodilation to ACh was assessed a second time. In a separate group of vessels, the response to the endothelium-independent vasodilator papaverine (10 Ϫ4 -10 Ϫ9 mol/l) was assessed before and after exposure to high intraluminal pressure. In another group of vessels, a second dose-response curve to ACh was evaluated at an intraluminal pressure of 60 mmHg in the presence or absence of the endothelial nitric oxide (NO) synthase (eNOS) inhibitor N G -nitro-L-arginine methyl ester (L-NAME; 10
Ϫ4
mol/l). Separate microvessels were incubated with the ANG II type 1 (AT1) receptor antagonist losartan (10 Ϫ6 mol/l), the angiotensinconverting enzyme (ACE) inhibitor captopril (10 Ϫ6 mol/l), or the superoxide scavenger polyethylene glycol (PEG)-SOD (100 U/ml) beginning 15 min before the acute pressure increase and extending until after the second cumulative addition of ACh to the tissue bath. To test whether PEG-SOD or losartan could restore the vasodilator response to ACh after vessels had been exposed to high intraluminal pressure, separate groups of vessels were exposed to 150 mmHg for 30 min before PEG-SOD or losartan was added to the tissue.
In another group of vessels, the vasodilator response to ACh was measured before and after the addition of a subconstrictor dose of ANG II (10 Ϫ9 mol/l) to the organ bath for 30 min. At the end of all experiments, the direct smooth muscle relaxant papaverine (10 Ϫ4 mol/l) was added to the organ bath to assess viability and maximal dilation of the vessel. Vessels that did not dilate to Ն90% of their maximal diameter were excluded from the study. The maximum diameter of the vessel was recorded as the larger of either the diameter measured before the addition of endothelin-1 or the diameter after the addition of 10 Ϫ4 mol/l papaverine. The percent dilation of the vessel at each dose of ACh or papaverine was calculated with the following equation: (Dobs Ϫ Dc)/(Dmax Ϫ Dc) ϫ 100, where Dobs is the observed diameter, Dc is the final constricted diameter, and Dmax is the maximum diameter of the vessel during the experiment.
To assess the effect of increased intraluminal pressure on ANG II sensitivity, exogenous ANG II (10 Ϫ10 -10 Ϫ7 mol/L) was added to the tissue bath, and percent constriction was measured in vessels pressurized to 60 mmHg only, pressurized to 60 mmHg in the presence of losartan, or exposed to 150 mmHg for 30 min. Due to tachyphylaxis of the AT1 receptor upon repeated stimulation by ANG II (40) , only a single constrictor response was evaluated per vessel. Percent constriction was calculated as the percent reduction in maximum diameter after each dose of ANG II.
Detection of superoxide with fluorescence microscopy. As previously described (34), the cell-permeable dye dihydroethidium (Molecular Probes, Eugene, OR) was used to detect vascular superoxide in human adipose arterioles with fluorescent microscopy. In the presence of superoxide, dihydroethidium is oxidized to 2-hydroxyethidium, a fluorescent compound that becomes trapped within the cell (2) . On the day of the experiment, adipose microvessels were cannulated as described above, and 10 mol/l dihydroethidium was added to the organ bath for 45 min while microvessels were protected from light. To reduce background fluorescence, vessels were washed three times with heated physiological salt solution immediately before image acquisition with a krypton/argon laser fluorescent microscope (model TE 200, Nikon Eclipse). Fluorescence was detected using an excitation wavelength of 488 nm coupled with a 585-nm long-pass emission filter. Digital images were recorded and quantified by freehand selection of the vessel segment and subtracting the fluorescence intensity of the background with MetaMorph (Molecular Devices, Sunnvale, CA) software. Fifteen minutes after the initial addition of dihydroethidium to the tissue bath, separate groups of vessels were exposed to 150 mmHg of intraluminal pressure for 30 min in the presence or absence of losartan (10 Ϫ6 mol/l) or PEG-SOD (100 U/ml). A separate group of vessels had the endothelium denuded by passing 20 ml of air through the lumen with a syringe before exposure to high pressure stress. Because dihydroethidium was removed from the tissue bath before any image acquisition to reduce background fluorescence, all experimental vessels were paired with a control vessel from the same tissue that was pressurized to 60 mmHg and received only dihydroethidium. This also helped to account for variability in basal vascular superoxide levels between different surgical samples. All presented data were normalized to the fluorescent intensity of the paired control vessels from each surgical sample.
Statistical analysis. All data are presented as means Ϯ SE. Vasodilation to ACh and papaverine are expressed as a percent diameter changes from the constricted diameter, with the maximal diameter of the vessel as 100% dilation. Differences between vasodilator responses were determined using two-way repeated-measures ANOVA. Differences between individual means after repeated-measures ANOVA were determined using a post hoc Student-Newman-Keuls test. A three parameter dose-response curve with a least-squares (ordinary) fit (calculated in GraphPad Prism 6.04, GraphPad Software, San Diego, CA) was used to calculate the concentration of ACh or papaverine required to cause 50% of the maximum response (EC 50) to each agonist. The EC50 for ANG II was also calculated to determine the concentration required to cause 50% of the maximal constriction for vessels exposed to either 60 or 150 mmHg of intraluminal pressure. The difference between EC 50 values between groups was compared using an extra sum-of-squares F-test. The fluorescence intensities of dihydroethidium-treated vessels in the different experimental groups were compared with control vessels from the same tissue using a paired t-test to determine if treatments significantly changed fluorescent intensity from the untreated control vessels from the same surgical samples. P values of Ͻ0.05 were considered statistically significant.
RESULTS
Visceral and subcutaneous adipose resistance arterioles from 54 individuals without cardiovascular disease were used for study. The demographics of the individuals and their underlying conditions are shown in Table 1 . The average age of the patients was 48 Ϯ 2 yr, and they had an average body mass index of 26 Ϯ 1 at the time of surgery. The average internal diameter of the fully dilated arterioles used in this study was 166 Ϯ 6 m. On average, vessels were constricted with endothelin-1 to 49 Ϯ 2% of their maximum diameter before experimentation.
Effect of high intraluminal pressure on ACh-mediated dilation. Figure 1A shows the effect of a 30-min increase in intralu-minal pressure on the vasodilator response to ACh in human adipose arterioles. After exposure to increased intraluminal pressure (150 mmHg), the vasodilator response to the endothelium-dependent vasodilator ACh was significantly reduced compared with the control response in the same vessel. The EC 50 of ACh tended to be higher in vessels exposed to high intraluminal pressure (Ϫlog EC 50 : 5.8 Ϯ 0.33) compared with control (Ϫlog EC 50 : 6.3 Ϯ 0.25, P ϭ 0.26). High intraluminal pressure had no effect on the vasodilator response to papaverine, a direct smooth muscle relaxant (Ϫlog EC 50 : 5.5 Ϯ 0.22 in control vs. 5.7 Ϯ 0.20 with high pressure; Fig. 1B) . Inhibition of eNOS with L-NAME reduced the vasodilator response to ACh ( Fig. 2A) , indicating the response is dependent on endothelium-derived NO. The vasodilator response to ACh was similar in a time-control experiment without the intervening pressure elevation (Fig. 2B) .
Consistent with a previous report (43) , incubation of microvessels with the superoxide scavenger PEG-SOD (100 U/ml) prevented the pressure-induced reduction in vasodilation observed in untreated vessels (Fig. 3) . In vessels pressurized to only 60 mmHg, treatment with PEG-SOD had no effect on the maximum dilation (61 Ϯ 7.4% in control vs. 59 Ϯ 11.1% with PEG-SOD treatment) or sensitivity (Ϫlog EC 50 : 6.8 Ϯ 0.18 in control vs. 6.9 Ϯ 0.17 with PEG SOD treatment, P Ͼ 0.05 for both) to ACh.
Role of the local RAS in the pressure-induced reduction in endothelium-dependent vasodilation. Figure 4 shows the effect of local RAS inhibition on the pressure-induced reduction in endothelium-dependent dilation to ACh observed in untreated human adipose arterioles. Incubation of the microvessels with the AT 1 receptor antagonist losartan (10 Ϫ6 mol/l; Fig. 4A ) or the ACE inhibitor captopril (10 Ϫ6 mol/l; Fig. 4B ) during the period of high intraluminal pressure preserved the vasodilator response to ACh. The observation that impaired dilation was unaltered by either losartan (Fig. 5A) or PEG-SOD (Fig. 5B) given immediately after high pressure exposure suggests that the damage occurs during the pressure rise and is independent of any persistent elevation of ANG II or superoxide.
Furthermore, as shown in Fig. 6 , incubation of microvessels with a subconstrictor dose of ANG II (10 Ϫ9 mol/l) for 30 min caused a significant reduction in the vasodilator response to ACh, similar to that observed in vessels exposed to high intraluminal pressure. Figure 7 shows that the vasoconstrictor response to ANG II was unaffected by exposure to high intraluminal pressure (Ϫlog EC 50 : 8.3 Ϯ 0.43 in control vs. 7.9 Ϯ 0.47 with high pressure), indicating that the vessels do not become more sensitive to ANG II after high pressure stress. Incubation of the vessels with losartan (10 Ϫ6 mol/l) completely prevented the vasoconstrictor response to ANG II.
Role of ROS in the pressure-induced reduction in endothelium-dependent vasodilation. We used fluorescence detection of 2-hydroxyethidium to assess whether high intraluminal pressure increased vascular superoxide levels in cannulated microvessels. As shown in Fig. 8, a 30 tion of the endothelium before high pressure exposure resulted in no change in fluorescence compared with control vessels from the same tissue samples (Ϫ17 Ϯ 3%, Ϫ13 Ϯ 10%, and ϩ17 Ϯ 31% of control values, respectively, P Ͼ 0.05 for all groups).
DISCUSSION
There are four major novel findings of the present study. First, a transient increase in intraluminal pressure in human adipose microvessels reduces endothelium-dependent vasodilation to ACh. Second, this impairment is due to the vascular generation of ANG II since it is also blocked by captopril and mimicked by a subpressor dose of ANG II. Third, the vasomotor changes associated with a transient elevation in microvascular pressure are not reflective of changes in vascular smooth muscle function since dilation to the direct smooth muscle relaxant papaverine is not altered by transient pressure elevation. Finally, the source of increased superoxide during exposure to high intraluminal pressure appears to be the vascular endothelium, because denudation of the endothelial layer before high pressure exposure prevents the increase in dihydroethidium fluorescence observed in vessels with an intact endothelium. Taken together, these findings suggest that activation of the local RAS plays a causative role in the acute blunting of NO-mediated vasodilation that occurs in response to increased pressure within the human peripheral microvasculature.
Vascular responses to prolonged disease states in humans are well studied, but considerably less is known about the mechanisms involved in the microvascular responses to acute stress. The implications are broad since there are numerous diverse examples of acute stressors that can temporarily impair endothelial function for hours in healthy individuals, include smoking of a single cigarette (24) , a single session of binge drinking (11), mental stress (10), sleep deprivation (38) , acute bouts of heavy resistance exercise (20, 33) , or consumption of a meal high in either glucose (22) or fat (35) .
Millgård and Lind (30) first characterized the vascular response to acute hypertension in human subjects after an intravenous infusion of a pressor dose of norepinephrine for 1 h. This procedure elevated systolic blood pressure to hypertensive levels and caused microvascular endothelial dysfunction (30) . Subsequent studies have shown similar results after brief isometric exercise (15, 20, 28, 33) , which has been shown to acutely increase systolic blood pressure upward of 400 mmHg (27) . Importantly, the mechanism of the impaired endothelial function after acute hypertension during isometric exercise remains undefined. It is also worth noting that endothelial dysfunction observed after acute bouts of isometric exercise is typically not present after low-to medium-intensity bouts of aerobic exercise (4, 13, 19) , where, in certain cases, enhanced vasodilation has been reported (13, 15) . This difference in the vascular response may be a function of the pressor effect of the different exercise modalities (4), as increases in systolic pressure are not as pronounced during aerobic exercise (26) . The threshold of intraluminal pressure required to significantly reduce endothelium-dependent vasodilation was not directly Ϫ4 mol/l) significantly reduced AChmediated vasodilation in isolated human adipose microvessels from individuals without cardiovascular disease (n ϭ 4 vessels). B: time-control responses of ACh-mediated vasodilation (n ϭ 7 vessels) were not significantly different between the first and second measurements. All values are plotted as means Ϯ SE. *Significant difference (P Ͻ 0.05).
tested in this study; however, other investigators (12) have shown stepwise reductions in vascular function starting at pressures as low as 120 mmHg. While proximal resistance vessels are exposed to a blunted but significant portion of the upstream conduit arterial pressure, we would estimate intraluminal pressures of 120 -150 mmHg are in the range of what might occur with physiological stimuli (27) .
It is also difficult to differentiate the role of circulating neurohumoral factors from the direct effect of pressure/stretch within the vessels themselves because the observations reported in the present study are all from experiments conducted in vitro. However, circulating neurohumoral factors are increased in both isometric and aerobic exercise; therefore, the differences in the vascular response to different types and intensities of exercise may be directly attributed to differences in the blood pressure response (4), as our findings clearly show that a direct pressor stimulus is sufficient to impair NOmediated vasodilation in the human microvasculature.
In skeletal muscle resistance arteries of Wistar rats, increased intraluminal pressure causes a functional increase in AT 1 receptor expression in a ROS-dependent manner, thereby increasing the sensitivity of the vessels to the constrictor actions of ANG II (1) . In contrast, we did not observe an increase in sensitivity to ANG II (Fig. 7) , and tachyphylaxis of the AT 1 receptor, which exists after repeated stimulation of the receptor (40) , was still present after high pressure exposure (data not shown). The observation that captopril prevents the pressure-induced blunting of ACh-dependent vasodilation similar to losartan suggests that activation of the RAS occurs at a point upstream of the receptor and not at the receptor itself.
The concept of the vascular-specific RAS contributing to stress-induced reductions in endothelium-dependent vasodilation is an area that warrants further investigation. ANG II receptor blockers and ACE inhibitors have been frontline treatments for clinical hypertension for decades; however, not all of their blood pressure-lowering properties can be attributed to inhibition of the systemic RAS. Inhibitors of the RAS have mol/l, n ϭ 5 vessels; A) or scavenging superoxide with PEG-SOD (100 U/mL, n ϭ 4 vessels; B) after microvessels had been exposed to 150 mmHg did not have a vasoprotective effect compared with when either compound was added to the tissue bath before exposure to high intraluminal pressure. All values are plotted as means Ϯ SE. *Significant difference (P Ͻ 0.05).
potent blood pressure-lowering effects in patients with normal to low plasma renin levels (9), and these same inhibitors have blood pressure-lowering effects in experimental animals models of hypertension that do not exhibit an elevated systemic RAS (32) . As reviewed by Nguyen Dinh Cat and Touyz (31), there is accumulating evidence showing that a functional RAS exists within the vascular tissue of small blood vessels. The results of the present study would suggest that this tissuespecific RAS is not only pressure sensitive but also that it may be a contributing factor to reduced endothelial function caused by acute blood pressure increases. Study limitations. Several factors must be considered in interpreting these data. First, adipose arterioles were taken from a variety of sites and subjects. The study was not designed to identify the effect of sex and fat depot site on vasomotor responses. While it has been shown that the mechanism of vasodilation to bradykinin varies with both sex and adipose location (36) , when data were stratified by sex or site of tissue, there were no differences in the magnitude of AChmediated vasodilation (two-way ANOVA, data not shown). In future studies, we hope to be able to accumulate data from sufficient numbers of subjects to detect effects of sex, race, and site of adipose sampling on vascular responses and dilator mechanisms. Meanwhile, by not excluding data from women and the small number of minority subjects, our data are more representative of the larger local population from which samples were obtained. Due to the tissue acquisition process, only limited medical history and laboratory values were available for most subjects. To minimize variability due to these factors, tissues from individuals with cardiovascular disease were excluded from the study.
A second limitation is the use of dihydroethidium fluorescence microscopy to detect vascular superoxide levels because of its potential for nonspecific fluorescence. The limited sample size of human arterioles precludes our ability to accurately perform these measurements using quantitative assays. Therefore, we used these data only to confirm physiological observations. Additionally, we treated vessels with PEG-SOD, a cell-permeable specific scavenger of cellular superoxide, to confirm a decrease in fluorescence (Fig. 8) . Importantly, because removal of the endothelium prevented the pressureinduced increase in dihydroethidium observed in microvessels with an intact endothelium, this would suggest that the source of superoxide (and presumably ANG II) is in the endothelial cell layer of vessels and not vascular smooth muscle cells.
Only samples from individuals without cardiovascular disease were included in this study, and we did not directly test whether microvessels from diseased patients are more sensitive to acute pressure stress. It has been well documented that components of both the systemic and tissue-specific RAS are upregulated in cardiovascular disease (8, 23, 42) ; therefore, it could be hypothesized that resistance arterioles of these individuals are more susceptible to increased intraluminal pressure. Because ACE inhibitors and ANG II receptor blockers are frontline treatment options for individuals with hypertension, obtaining surgically discarded tissue from patients not taking either of these commonly used antihypertensive therapies is unlikely. Also, the use of discarded tissue restricted our access to patient medical history. A prospective study would be needed to address the potential effect of medications on microvascular responses. Our personal experience suggests that most pharmacological agents are removed through dilution, as each vessel is washed repeatedly in buffer solution before study. Although our approach could miss compensatory changes in protein expression and cellular redox forces that occurs with pharmacological inhibition of the RAS (5, 7), to directly test the contribution of medications to the dilator responses of human microvessels, ill patients would have to consider withdrawal from guideline-recommended, life-saving therapy before surgery.
Another limitation related to the tissue sample size is that ANG II levels were not directly measured in isolated vessels exposed to increased intraluminal pressure. Because studies have shown that the AT 1 receptor may have mechanosensing properties unrelated to ANG II stimulation (29) , it could be argued that the protective effect of losartan is due solely to blockade of the mechanosensing properties of the receptor. However, captopril also blocked the blunting of endotheliumdependent dilation after high pressure stress, suggesting that the response is not due to nonspecific receptor activation.
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